Abstract. An advanced online-coupled meteorology-chemistry model, WRF/Chem-MADRID, has been applied for real-time air quality forecast (RT-AQF) in southeastern U.S. since 2009. In this work, the model is evaluated for fine particles (PM 2.5 ) forecast for time periods since winter 2015-2016 and intercompared with previous forecasting periods. The results show consistently good performance for PM 2.5 , despite the moderate overpredictions in winter 2015-2016. Sensitivity simulations with updated emissions and satellite-constrained boundary conditions show improved skills for PM 2.5 forecast for summer 2016 and winter 2016-2017 with NMBs within ±6% for PM 2.5 against observations from AirNow. The model's forecasting skills for air quality can be further enhanced by accurately representing pollutant emissions from extreme events such as wildfires.
Introduction
High concentrations of air pollutants such as ozone (O 3 ) and fine particulate matter (PM 2.5 ) are responsible for urban photochemical smogs and regional hazes and associated adverse human health and environmental degradation in many countries worldwide. Three-dimensional (3-D) air quality models are powerful tools to simulate and forecast ambient air quality. Real-time air-quality forecasting (RT-AQF) of the concentrations of air pollutants of special health concerns such as O 3 and PM 2.5 provides a basis for early air quality alerts and preventative actions that reduce air pollution and protect human health. Despite substantial improvements of ambient air quality in major cities in many countries, the frequent occurrences of severe regional hazes in recent years in a number of countries such as China (e.g. [1] ), India, and Singapore necessitate the continuous development and application of techniques for RT-AQF worldwide. A number of 3-D air quality models have been deployed for RT-AQF since the mid-1990s on global and regional scales as reviewed in literature ( [2] [3] [4] [5] ).
An online-coupled Weather Research and Forecasting model with Chemistry (WRF/Chem) [6] with the Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution (MADRID) (WRF/Chem-MADRID) [7] [8] has been applied for RT-AQF in southeastern U.S. for ozone season (May-September) and winter season (December-February) since 2009. The forecasting results from ozone season 2009 to winter 2014-2015 have been reported in several papers from the lead author's group [9] [10] [11] . In this work, the forecasting results for the period of ozone season and winter during 2015-2017 are reported and intercompared with results from previous periods. The multi-year RT-AQF enables the assessment of the model's capability and robustness in forecasting major pollutants as well as their inter-annual and inter-season variability, and multi-year trends with the long-term forecasting data. The objectives are to evaluate the model's skill in forecasting the observed air quality and its variation trends during 2015-2017 and to identify areas of model improvements for more accurate air quality forecasts and improved estimate on the health effects of O 3 and PM 2.5 .
Methodology
WRF/Chem-MADRID is a state-of-the-science RT-AQF model that can realistically represent the feedback mechanisms between meteorology and chemistry in the atmosphere. It treats all major aerosol processes such as the thermodynamic equilibrium for both inorganic and organic species, new particle formation, condensation/evaporation, coagulation, gas/particle mass transfer, dry and wet deposition. The physics and chemistry options used in this study follow those reported in [9] [10] [11] . The physics options include the Lin et al. cloud microphysics, the Rapid Radiative Transfer Model for longwave radiation, the Goddard scheme for shortwave radiation, the Yonsei University (YSU) PBL scheme, the National Center for environmental Prediction, Oregon State University, Air Force, Hydrologic Research Lab (NOAH) land surface model (LSM), and the Grell-Devenyi ensemble cumulus parameterization. The chemistry and aerosol-related options include the 2005 Carbon Bond gas-phase chemical mechanism (CB05), the Carnegie-Mellon (CMU) bulk aqueous-phase chemical kinetic mechanism, the MADRID aerosol module with 8 size sections over the particle aerodynamic diameter range of 0.025-11.630 µm, and the Abdul Razzak and Ghan aerosol activation. A detailed description of the model along with model inputs and configurations can be found in Zhang et al. (2016) [11] .
RT-AQF using WRF/Chem-MADRID is performed at a horizontal grid resolution of 12 km over an area in southeastern U.S. The hourly and daily forecast products are provided at http://www.meas.ncsu.edu/aqforecasting/Real_Time.html. The National Center for Environmental Prediction's (NCEP) meteorological forecast is downloaded at 7 p.m. (Local Standard Time) to initialize a 60-hr forecasting cycle using WRF/Chem-MADRID with 12-hr spin-up and 48-hr forecasting. The forecasted results are evaluated against surface observations in terms of both discrete and categorical evaluations. Surface networks include the National Climatic Data Center (NCDC), the AIRNow database, the Air Quality System (AQS), the Clean Air Status and Trends Network (CASTNET), the Interagency Monitoring of Protected Visual Environments (IMPROVE), the Speciated Trends Network (STN), and the Southern Aerosol Research and Characterization (SEARCH). Sensitivity simulations are also carried out for July 2016 to pinpoint the likely causes of the model biases. As shown in Tab. 1, compared with previous forecasting periods, the model performs consistently in terms of NMBs and NMEs for the three forecasting time periods. The NMBs and NMEs for 24-h PM 2.5 simulated by WRF/Chem-MADRID are -15.4 to 15%, and 32-40%, respectively, during the O 3 seasons, and -10.2 to 24.5%, and 39.9-50.7%, respectively, during the winter seasons, which are smaller than corresponding values from other models reported in the literature [13] [14] , namely, -21 to 32%, and 41.2-80%, respectively. 
Results of PM 2.5 Forecast and Discussions

Summary
WRF/Chem-MADRID shows consistently good skills for O 3 and PM 2.5 forecast in terms of both categorical and discrete statistics during 2009-2017. It performs well in both ozone and winter seasons with most NMBs within ±15% for PM 2.5 forecasts against observations from AIRNow. The relatively high NMB during winter 2015-2016 is attributed to out-of-date emissions, and the underprediction in winter 2016-2017 is because the model inputs does not include emissions from the Great Smoky Mountains wildfires observed during November-December 2016. These results indicate the importance of using updated emissions and representing high emissions from extreme events for RT-AQF. Despite these biases, the model's performance in terms of surface O 3 and PM 2.5 forecasts is overall consistent with or better than the performance of other RT-AQF models reported in the literature for different periods over different domains [14] [15] [16] [17] [18] .
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